Background--Assessing hospital quality in the performance of carotid endarterectomy (CEA) requires appropriate risk adjustment across hospitals with varying case mixes. The aim of this study was to develop and validate a prediction model to assess the risk of in-hospital stroke or death after CEA that could aid in the assessment of hospital quality.
C
arotid endarterectomy (CEA) reduces stroke risk in both symptomatic and asymptomatic patients with carotid atherosclerosis compared with medical therapy. [1] [2] [3] [4] While a number of studies have considered many potential risk factors for the development of adverse events after CEA, only a few have offered overall risk assessments for patients considering CEA. [5] [6] [7] [8] [9] [10] [11] [12] These studies have been limited to reporting experience in Medicare populations, 8 in clinical trial populations, 7, 9 in asymptomatic patients only, 8, 11 in a smaller number of centers in Canada before aggressive lipid-lowering and antiplatelet therapy was standard, 6 or based on administrative data sets. 12 The National Cardiovascular Data Registry (NCDR), including the Carotid Artery Revascularization and Endarterectomy (CARE) Registry, provides innovative platforms to assess hospital quality. Sponsored by the American College of Cardiology Foundation in conjunction with the Society for Cardiovascular Angiography and Interventions, Society of Interventional Radiology, American Academy of Neurology, American Association of Neurological Surgeons/Congress of Neurological Surgeons, Society for Vascular Medicine, and Society of Vascular and Interventional Neurology, the CARE Registry was designed to create a national surveillance system to assess prevalence and outcomes of patient undergoing carotid revascularization. As of November 2013, 130 hospitals participate in the registry. 13 Participating hospitals receive quarterly reports with information pertaining to number of procedures performed, patient characteristics, and measures of quality including discharge medication prescriptions and crude rates of complications such as in-hospital stroke and death. However, because of differences in case mix among hospitals, differences in crude adverse event rates may be a reflection of differences in patient complexity, particularly with respect to clinical features that strongly influence outcomes. While most attempts to assess hospital procedural quality have relied on administrative claims data, 14 observational registries that include prospectively collected clinical data such as the CARE Registry afford the opportunity to create validated, clinically based prediction models to serve as the basis for risk adjustment for hospital quality reports. In this report, we used the CARE Registry to develop and validate a preprocedural risk model and risk score that will be used to provide feedback on risk-adjusted outcomes after CEA to participating hospitals to promote quality improvement.
Methods
The CARE Registry enrolls patients with carotid stenosis who have undergone revascularization with either CEA or carotid artery stenting (CAS). 15 Between April 2005 and July 2013, the registry accrued data from 12 889 CEA procedures performed at 60 hospitals. Data elements and definitions are listed at https://www.ncdr.com/webncdr/care/home/datacollection. Detailed quality checks are implemented before incorporation of data into the registry. 16 A waiver of written informed consent and authorization for this study was granted by the Chesapeake Research Review Incorporated Institutional Review Board.
To maximize the applicability of the findings, all except those undergoing CEA for acute evolving stroke were included. The primary outcome of interest was the occurrence of in-hospital stroke or death. Stroke was defined as a new neurologic deficit persisting for at least 24 hours after the procedure. Outcomes were abstracted by trained data collectors.
Statistical Analyses
We examined broad ranges of variables related to sociodemographic characteristics, cardiovascular history, and neurologic history based on clinical experience and understanding of the literature. We conducted bivariate comparisons of characteristics of patients with or without the outcome of interest (Table 1 ) by using v 2 tests for dichotomous variables and t tests for continuous variables. We then generated a logistic model for the primary end point conditioned on clinical variables. 17 Variables were selected using backward elimination of 20 variables using a criterion of P<0.05 to remain. Model coefficients were then refit using a hierarchical generalized linear model accounting for clustering by hospital (see supplemental online Appendix). The performance of a prediction model within a sample of data may overestimate the true performance of the model within the broader population. The difference between the "apparent performance" and the true performance is known as "optimism." 18 The extent of optimism of prespecified models can be estimated for similar patient populations using internal validation techniques such as bootstrapping. After fitting the model, we conducted internal validation by refitting the model in 1000 bootstrap samples with replacement.
Measures of model performance were corrected for optimism, and the final model was recalibrated based on a "shrinkage" factor derived from the calibration slope. 17 To further assess calibration, we fitted a smoothed line showing the relationship between predicted and observed risk of inhospital stroke or death based on the final model. 17 This method has less variability and less potential bias compared with traditional split-sample validation and k-fold crossvalidation. 19 To assess variability in risk-adjusted event rates among hospitals, we estimated the "predicted"-to-expected ratio of in-hospital stroke or death (or the standardized adverse event ratio) for each hospital based on its observed case mix. 20 To support routine clinical use, we developed a risk score based on a points system with weights based on the coefficients in the final clinical model. 21 Values of P<0.05 (2-tailed) were considered statistically significant. Statistical analyses were performed using SAS 9.2 (SAS Institute) and R.
Results
There were a total of 213 (1.7%) in-hospital stroke or death events after 12 889 CEA procedures. Stroke occurred in 179 (1.4%) and death occurred in 52 (0.4%) patients. Of the strokes, 124 (69.2%) were ipsilateral to the revascularized artery. Bivariate analysis (Table 1 ) demonstrated that individuals who developed in-hospital stroke or death were older and were more likely to have peripheral artery disease (PAD), significant coronary artery disease, recent myocardial infarction, or congestive heart failure. They were also more likely to have a tracheostomy present or have preexisting laryngeal nerve palsy. Patients who developed in-hospital stroke or death were more likely to have had a prior ischemic stroke, were more likely to be symptomatic from the target lesion, or were more likely to have a contralateral carotid occlusion.
Multivariable Model
After multivariable regression, 7 variables were retained in the final model (Table 2 ). These variables included age, PAD, Figure 1 ). 
Integer-Based Scoring System
Based on the multivariable model, an integer-based scoring system (the NCDR CEA score) was built for clinical use (Table 3) . Observed rates of death or stroke are shown as a function of the point total on the integer scoring system (Figure 2 ).
Risk-Standardized Event Rates by Hospital
Using the multivariable model, standardized ratios of inhospital stroke or death for each hospital were generated by hospital and were plotted in Figure 3 . These ratios varied from 0.64 to 2.10, suggesting differences in CEA outcomes among the registry hospitals not attributable to observable differences in case mix.
Discussion
Using a large population of patients undergoing CEA in the United States, we developed and validated a risk model and a risk score that predicts in-hospital stroke and death after CEA. The risk factors we identified have been previously described by other investigators to increase risk of adverse events after CEA, either alone or in combination with other factors.
22,23

Hospital Quality Assessment
With growing emphasis on public outcome reporting, we believe that risk models based on easily collected clinical MI, myocardial infarction; NYHA, New York Heart Association. Figure 1 . Observed vs predicted probability of in-hospital stroke or death. This calibration plot depicts observed (yaxis) vs predicted (x-axis) in-hospital stroke or death rates for patients undergoing carotid endarterectomy. Differences between observed and predicted event rates were small across all levels of risk (Hosmer-Lemeshow P=0.52). Target lesion symptomatic in previous 6 months 5
Contralateral carotid occlusion 7
NYHA Class III/IV 7 factors will have an increasingly important place in the assessment and reporting of health care quality. The NCDR CEA Risk Score includes relevant clinical factors that are likely not available through traditional administrative data sets. Inclusion of these clinical factors in the risk model improves the face validity of these tools for clinicians and underscores the importance of clinical registries in measuring hospital quality. The variability in standardized adverse event ratios observed across participating hospitals provides evidence that such models may be useful to hospitals in efforts to benchmark performance against other hospitals and for lower-performing hospitals to initiate efforts to improve outcomes.
NCDR CEA Risk Score in the Context of Previous Risk Stratification Models
This risk score was developed in a large data set (>10 000 procedures) of CEA in both symptomatic and asymptomatic patients from a broad range of hospitals across the United States. The patient population was not limited to Medicare beneficiaries or those enrolled in clinical trials. We also note the overall low event rates in this population of patients. This could indicate evolution of treatment of this patient population (including improved background medical therapy, surgical techniques, anesthesia care, etc); it could be related to patient selection in the data set; or it could be related to the self-reported nature of the data without routine, independent neurologist assessment in every patient. Changes in surgical and perioperative practice, indicated by changing rates of adverse events over time, underscore the need for ongoing surveillance and, when necessary, updating risk prediction algorithms that are intended for clinical practice. Importantly, this risk score was developed accounting for natural clustering in the data by hospital site and can be used for assessments of hospital quality at the site level.
Study Limitations
Several limitations warrant discussion. First, prediction of inhospital stroke or death is limited to the in-hospital period and does not predict long-term outcomes in these patients as this information is not available in CARE. Second, we did not adjust for all variables that influence CEA-related risk, as indicated by the moderate discriminative ability of the model. For instance, the stenosis severity of the carotid lesion and the overall level of disability of the patient before the index procedure are not well characterized in CARE and thus have not been captured in the model. However, models with imperfect patient-level discrimination are still useful for the assessment of hospital quality without introducing bias so long as unobserved variables strongly associated with inhospital stroke or death are similarly prevalent across participating hospitals. 20 The stroke end point was not adjudicated beyond reporting by individual sites and patients were not routinely tested by a neurologist in a standardized way postprocedure. The CARE Registry thus could underreport minor strokes, as has occurred in other studies. However, the overall rates of death and stroke in our study at 30 days were similar to those observed in both the Figure 2 . Stroke or death rates based on cumulative risk score.
Observed stroke or death rates are shown as a function of the total number of points on the NCDR CEA risk score. CEA indicates carotid endarterectomy; MACE, combined endpoint of stroke or death; NCDR, National Cardiovascular Data Registry. CREST (Carotid Revascularization Endarterectomy versus Stenting Trial) trial and other quality improvement programs. 12, 24 Finally, this registry was not designed to inform us about patients who were screened but did not have CEA.
Conclusions
We developed and internally validated a risk model to predict in-hospital stroke or death after CEA using data from the CARE Registry. The model will be used to support hospital comparisons of risk-adjusted outcomes among the >100 participating hospitals, allowing for accurate benchmarking of hospital performance or quality improvement efforts for CEA. In addition, it may provide valuable information about procedural risk for patients considering this therapy. 
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